ABSTRACT Precise determination of left and right ventricular stroke volumes is limited with conventional imaging techniques. We determined whether right and left ventricular stroke volumes could be precisely measured with cine computed tomography (CT). Cine CT enables simultaneous imaging of the right and left ventricles at an 8 mm slice thickness with a maximal scanning rate of 17 frames/sec (50 msec acquisition intervals). In eight dogs, true right ventricular and left ventricular stroke volumes were determined by dividing thermodilution cardiac output by heart rate and/or with the use of an aortic electromagnetic flow probe implanted over a long term. After at least 5 sec of suspended respiration, cine CT images were acquired during central venous injection of a nonionic contrast agent. Multiple perturbations in stroke volume were induced in each dog by the administration of dobutamine, sodium pentobarbital, or sodium nitroprusside or by coronary artery occlusion. Right and left ventricular stroke volumes were obtained by Simpson's reconstruction of end-diastolic and end-systolic short-axis tomograms from apex to base. The cine CT left ventricular stroke volume (range 1 1 to 45 ml) correlated highly with the true left ventricular stroke volume (r = .99, slope -1.01, y intercept = -0.2 ml, SEE = 1.5 ml, n = 25). The cine CT right ventricular stroke volume (range 11 to 34 ml) also correlated highly with the true right ventricular stroke volume (r -.98, slope = 0.9, y intercept = 2.2 ml, SEE = 1.7 ml, n = 15). In 12 studies, the mean difference between nearly simultaneous right and left ventricular stroke volumes by cine CT was 1.1 ml (range 0.1 to 3.2 ml). Calculation of right and left ventricular stroke volumes from data from cine CT were highly reproducible. Intraobserver variability in measurements of right ventricular stroke volume (r = 1.0, slope = 0.99, y intercept = 0. 19 ml) and left ventricular stroke volume (r 1.0, slope = 1.02, y intercept = -0.21 ml) was minimal. Interobserver variability in measurements of right ventricular stroke volume (r = .98, slope = 0.90, y intercept = 1.66 ml) and left ventricular stroke volume (r -.99, slope = 0.97, y intercept = -0.02 ml) was likewise minimal. Thus, precise and highly reproducible measurements of right and left ventricular stroke volumes can be obtained with cine CT. Circulation 74, No. 4, 890-900, 1986. THE ACCURATE determination of ventricular stroke volumes by current imaging techniques is limited due to imprecise methods of measurement of end-diastolic and end-systolic volumes.
tricular stroke volume are adversely affected by image distortion, lack of sharpness of ventricular borders, and varying spatial orientation of the ventricle. There is a substantial overestimation of volumes, particularly with the single-plane method, that requires correction with regression equations. The use of a single geometric reference figure to fit all possible ventricular shapes may not be appropriate. ' M mode echocardiographic determinations of stroke volume have been uniformly imprecise as a consequence of the attempt to derive left ventricular volumes from a single oblique slice of the ventricle below the level of the papillary muscles.5`8 Two-dimensional echocardiographic determinations of left ventricular volume are compromised by the technical inability to define a uniform acoustic window through which to make reproducible measurements and the difficulty with obtaining high-quality shortaxis images from apex to base.9 ' All of these methods are limited by the appreciable error that results from applying, by mathematical manipulation, two-dimensional image measurements to a three-dimensional volume.
Planar radionuclide angiography is excellent for the determination of left and right ventricular ejection fraction but has limitations with respect to measurement of absolute ventricular volumes. 14 These limitations result from difficulty in separation of left ventricular blood pool count activity from contiguous structures, the necessity to subtract background activity that is variable between patients, and significant errors imposed by attenuation effects. Right ventricular volumes are not routinely determined by any imaging technique because of the difficulty in applying a geometric formula to fit the irregular shape of the right ventricle. '5-17 Cine computed tomography (CT) has the potential ability to precisely measure right and left ventricular volumes with cross-sectional imaging of consecutive tomographic slices of the ventricle, irrespective of geometric shape. Thus, calculation of end-diastolic and end-systolic volumes should result in highly accurate measurements of stroke volume. The acquisition of the images with proper contrast infusion techniques allows the unique, nearly simultaneous interrogation of both right and left ventricular cavities for volume measurements. We attempted to document the precision of the determination of right and left ventricular stroke volume by cine CT.
Methods

Animal preparation
Long-term preparation. Eight mongrel dogs (weight 20 to 35 kg) were anesthetized with an intravenous combination of droperidol and fentanyl (Innovar-Vet), 0.1 ml/kg, and 10 mg/kg sodium pentobarbital and were mechanically ventilated with room air via an endotracheal tube. By a sterile technique, a left thoracotomy was performed in each to expose the heart and great vessels. An electromagnetic flow probe (16 or 18 mm) was implanted on the proximal ascending aorta. A surgical silk snare was looped around the proximal left circumflex artery and was contained securely within a No. 9F plastic tube. The ends of these devices were tunneled to an interscapular position and maintained subcutaneously. The dogs were returned to the kennel for 5 to 10 days to allow fibrosis of the electromagnetic flow probe to the aorta to ensure optimum contact.
Short-term preparation. The dogs were anesthetized with droperidol-fentanyl (0. 1 to 0.3 ml/kg) and sodium pentobarbital (15 to 20 mg/kg). Each dog was mechanically ventilated with room air via an endotracheal tube and maintained on 3 to 4 cm (water) of positive end-expiratory pressure throughout the experiment. A No. 7F Swan-Ganz thermodilution catheter was advanced from a femoral vein to the pulmonary artery. A No. RF pigtail catheter was advanced via the opposite femoral vein to a position several centimeters above the level of the diaphragm. The femoral artery was cannulated with a No. lOF catheter for measurement of arterial pressure. The aortic flow probe connector and coronary snare were exteriorized. The aortic flow probe was connected to an SP2200 Statham Instruments blood flowmeter. Simultaneous mean and phasic aortic flows and arterial pressure were recorded on a direct-writing recorder. Thermodilution cardiac outputs were calculated with a cardiac output computer by standard techniques'8 and adjusted to the size of the catheter and ambient temperature.
Measurement of stroke volume. Thermodilution cardiac outputs were acquired in five anesthetized dogs after stability of heart rate had been achieved after each hemodynamic perturbation. Four measurements of cardiac output were obtained and averaged immediately before the injection of contrast material and acquisition of images. After each scan sequence of computed tomographic images were obtained (four to eight levels), four thermodilution measurements of cardiac output were again obtained and averaged to monitor contrast-induced or time-dependent variability in cardiac output. Stroke volume was calculated by dividing the average thermodilution cardiac output by the heart rate obtained during the scanning acquisition period (approximately 2.5 sec for a four-level scan and 5 sec for an eightlevel scan).
In the four anesthetized dogs with functioning aortic electromagnetic flow probes, phasic and mean aortic flow were recorded at 50 mm/sec paper speed during the scan acquisition. The recording was started at the onset of contrast injection. Thus, the flow recordings could be marked for the exact duration of scan acquisition. At the conclusion of the experiment, each dog was killed. The aortic electromagnetic flow probe was calibrated in situ by perfusion of the aorta at known rates through a closed-loop system containing the blood of each animal. In each experiment the calibration points were linear (r = .97 to .99) and the intercept of the regression line describing the plot of the calibration points passed through zero.
Rapid-acquisition cine computed tomographic scanner. Rapid-acquisition computed tomographic images were obtained with the Imatron CIOO scanner. '9 With this machine, the x-ray source is comprised of a single bend scanning electron beam (130 kV, 600 mA) that is magnetically focused and deflected onto four semicircular (210 degrees) tungsten target rings. Xrays are detected in a stationary double array of 864 scintillation-photodiode crystals. With successive scans, up to eight slices of 8 mm thickness can be acquired in rapid sequence. Each target ring is separated by a 4 mm distance. In cine mode, images are acquired at 50 msec intervals with an 8 msec interscan delay or a scanning speed of 17 images/sec. At a heart rate of 100 beats/min with a cycle length of 600 msec, the cardiac cycle can be completely imaged through end-systole and enddiastole with a 10-frame movie (580 msec acquisition time). Thus, for heart rates of 100 beats/ min or greater, a complete cardiac cycle can be imaged with an eight-level (10 frames per level) movie. For heart rates of 50 to 100 beats/min, a four-level (20 frames per level) movie 1160 msec acquisition time) must be obtained for images to encompass the entire cardiac cycle. Reproducibility. Intraobserver variability was determined by analysis, 1 to 4 weeks apart, of the same end-diastolic and end-systolic frames for each level of a complete scan. Interobserver variability was determined by analysis by different investigators of the same end-diastolic and end-systolic frames for each level of a complete scan (type A). Interobserver variability was additionally determined after requiring each observer to select the end-diastolic and end-systolic frames independently for each level of a complete scan from the cine movie (type B).
All of these reproducibility studies were performed on a subgroup of 12 scans selected to encompass the range of right and left ventricular volumes encountered in this study.
Criteria for an acceptable experiment. Images were not accepted for analysis if contrast infusion failed to opacify both the right and left ventricular cavities simultaneously. This applied to 5% of the scans obtained.
Images were also unacceptable if an eight-level or four-level scan (10 frames per level) was acquired at a heart rate less than 100 beats/min. In this situation the end-diastolic or end-systolic frame might have been missed and the computed tomographically derived stroke volume would consequently have been erroneous.
We planned to reject studies if the average cardiac output between the eight-and four-level contiguous scans Determination of right ventricular stroke volume by rapid-acquisition cine CT. The canine right ventricular cavity in the short-axis view extends from two to three levels above the left ventricular apex to two to three levels above the aortic valve plane before the cephalad portion of the right ventricle merges with the proximal pulmonary artery. The septum and right ventricular free wall were easily visualized. The right atrium had to be excluded from the right ventricle. The criteria for defining the right atrium included the identification of the tricuspid valve plane, systolic expansion and diastolic contraction, and the observation of a higher intensity of contrast material in the right CIRCULATION 892 atrium due to its close proximity to the injecting catheter. The separation of right ventricular outflow tract from the pulmonary artery was defined by the pulmonary valve plane that could occasionally be visualized, by the point at which right ventricular contractions ceased to occur, and by the paucity of motion that characterizes the pulmonary artery throughout the cardiac cycle. The right ventricular end-diastolic and end-systolic frames were chosen from cine mode for each level and the contrast-enhanced volumes were then planimetered. The tomographic end-diastolic and end-systolic volume measurements at each level were added by use of a modified Simpson's formula. Computed tomographically derived right ventricular stroke volume was then determined as the difference between calculated end-diastolic and end-systolic volumes.
Statistical analysis. Analysis of all data points was achieved by a linear regression, least square comparison of computed tomographically derived stroke volume vs true stroke volume of the right and left ventricular cavities. Standard error of the estimate was determined in the usual fashion. The hemodynamic information is presented as the mean + 1 SD. Intraobserver and interobserver variability was analyzed by a linear regression analysis that encompassed the full range of stroke volumes measured.
Results
Hemodynamic information. Eight dogs were studied under a variety of conditions to alter stroke volume. All eight dogs were scanned at control (no intervention), two underwent scanning during infusion of dobutamine, two during sodium infusion of nitroprusside, one after a bolus infusion of sodium pentobarbital, and five after occlusion of the proximal circumflex artery. The mean heart rates and aortic pressures recorded during the various interventions are shown in table 1. There were 25 separate left ventricular stroke volume studies and 15 separate right ventricular stroke volume studies performed in the eight dogs.
Efects of contrast agents on measurements of stroke volume. Preliminary studies in our laboratory to measure stroke volume with CT using Renografin (meglumine sodium diatrizoate) as the contrast material were unsatisfactory due to the wide fluctuations in central aortic pressure, heart rate, and phasic aortic flows during the scan acquisition period and between successive scans. These fluctuations did not occur with the nonionic contrast material iohexol. Figure 1 illustrates the typical appearance of the hemodynamic effects encountered with these contrast agents during the scan acquisition period. During infusion of Renografin, there was as much as a 20% augmentation of phasic and mean flows, a 10% increase in mean aortic blood pressure, and a 20% reduction in heart rate. None of these variations occurred during the infusion of iohexol. Additionally, in our studies the stroke volume between successive scans varied from 10% to 50% after infusion of Renografin and only 0 to 10% after that of iohexol (figure 2). All of the stroke volume data reported in this study were acquired with iohexol as the contrast agent. Left ventricular stroke volume. Cross-sectional, shortaxis computed tomographic images that interrogate the left and right ventricle during end-diastole at 1 cm intervals are depicted in figure 3 .
Left ventricular stroke volume was measured in 25 studies in eight dogs over a stroke volume range of 11.5 to 45.4 ml. Overall true left ventricular stroke volume correlated with that derived by CT with r = .99, slope = 1.01, y intercept = -0.24 ml, and SEE = 1.47 ml (figure 4). In 11 studies in which left ventricular stroke volume was determined with a functioning, proximal aortic electromagnetic flow probe implanted over a long term in four dogs, the true left ventricular stroke volume correlated with that by CT with r = .95, slope = 1. 15, y intercept = -3.76 ml, and SEE = 1.43 ml. In four dogs with a nonfunctioning flow probe, 15 98, slope = 0.9, y intercept = 1.97 ml, and a mean difference of 1. 1 ml (range 0. 1 to 3.2 ml) (figure 6). Intraobserver variability (fixed frames). Intraobserver variability in retracing the same end-diastolic and endsystolic frames to derive stroke volume was minimal. Interobserver variability (independent frames). An independent observer then retraced the end-diastolic and end-systolic frames to determine stroke volume after selecting separately the end-diastolic and endsystolic frames from the cine mode movies (type B). This observer was blinded to the end-diastolic and endsystolic frames previously chosen to derive the stroke volumes. Nevertheless, the interobserver variability was still minimal. stroke volume (n = 7) correlated with r = .97, slope = 0.98 , and y intercept--0.75 ml (range = 11.5 to 30 ml). Those of right ventricular stroke volume (n = 7) correlated with r .99, slope = 0.93, and y intercept = 0.47 ml (range = 11.2 to 30 ml) (figure 9).
Discussion
This study demonstrates that in closed-chest anesthetized dogs, measurements of right and left ventricular stroke volume can be acquired by cine CT with a high degree of precision and excellent reproducibility. Furthermore, during suspended respiration, nearly simultaneous right and left ventricular stroke volumes acquired by cine CT are almost identical.
This study adds substantially to the work of previous investigators who demonstrated that the volume of right and left ventricular casts2'1 and the mass of the left ventricle20 24 25 could be accurately determined by cine CT.
Accuracy of right and left ventricular stroke volume measurements by cine CT. The accuracy of our cine computed tomographic measurements was verified by the use of stroke volumes determined with an electromagnetic aortic flow probe or the average of multiple thermodilution cardiac outputs divided by heart rate as standards for true stroke volume measurements. The accuracy of measurements made with a properly positioned and calibrated electromagnetic flow probe that is allowed adequate time to adhere to the wall of the ascending aorta has been well established.>6 However, we could not use a flow probe, either because of malfunction or an inability to obtain adequate calibration, in half of the dogs studied. Consequently, thermodilution-derived stroke volumes were used for these dogs. Observer #1 LVSV ' `evaluated two-dimensional echocardiographic measurements of left ventricular stroke volume derived by a Simpson's formula that contained the left ventricular length and five short-axis, cross-sectional areas and used this in a simplified area-length formula to derive volume. In closed-chest dogs these measurements yield a good correlation to thermodilution stroke volume, with r = .89 and SEE 6.7 ml. Although this method was fairly accurate in dogs, its application in patients is confounded by the inability to obtain five parallel short-axis echocardiograms regularly in man because of the limited acoustic window.
A of the right ventricle divided into 10 sections or a prism formula. These models derived a right ventricular stroke volume with cineangiography that correlated with biplane left ventricular stroke volume (r = .94). Thus, measurements of right ventricular stroke volume derived from angiography via a variety of geometric models have been validated only by comparison to standard left ventricular stroke volume biplane measurements, which have been shown to be imprecise in the overall determination of stroke volume." 2, 29, 30 Our study demonstrates that measurements of right ventricular stroke volume can be made with the same precision and ease as those of left ventricular stroke volume in vivo by cine CT.
Nearly simultaneous measurements of right and left stroke volumes. Hoffman et al.40 measured simultaneous right and left ventricular stroke volumes via electromagnetic flow probes positioned on the proximal aorta and pulmonary artery in dogs. They demonstrated that the two ventricles were out of phase and balance, as determnined by comparative measurements of stroke volume, in response to respiration, postural changes, Valsalva or positive airway pressure, and inferior vena caval obstruction. Of particular importance was their observation that with respiration the difference between the maximal stroke volume of the right ventricle in inspiration was 10% to 20% greater on the average than the minimal stroke volume of the right ventricle in expiration. This was in contrast to the left ventricular stroke volume, which generally did not change during the normal respiratory cycle.
In our study, during which respiration was suspended at the time of scan acquisition, we were able to demonstrate a close approximation between simultaneous right and left ventricular stroke volumes despite the influence of a number of hemodynamic perturbations.
Implications. These validation studies in dogs indicate that the new imaging modality cine CT is capable of highly accurate and reproducible determinations of both right and left ventricular stroke volumes. The exactness of our measurements from the subtraction of end-diastolic and end-systolic tomograms would intuitively lead to the conclusion that the end-systolic and end-diastolic volumes derived from cine CT in vivo are extremely accurate. This could already be surmised from the accuracy of previous computed tomographic volume measurements of ventricular casts by Higgins, Mahoney, and Hoffman and their colleagues.2'"23 Unfortunately, it is not feasible to validate end-diastolic and end-systolic volumes in the beating heart. Additionally, these measurements are not affected by venVol. 74, No. 4, October 1986 tricular shape, thus allowing for an accurate determination of volumes in the presence of ventricular wall motion abnormalities.
We have shown the close approximation of nearly simultaneous measurements of right and left ventricular stroke volume. This may allow the exact quantification of the amount of unidirectional shunt flow between ventricles or the amount of regurgitant volume from valvular insufficiency affecting a single valve. This regurgitant or shunt volume would simply be the difference in calculated stroke volumes between the two ventricles. Thus, cine CT may have valuable clinical applications in patients.
